. A generalized estimating equation model was used to estimate vaccine effectiveness that included potential confounding variables, such as disease progression over time, age, ethnicity, socioeconomic status, seasonality, and geographic region. The model provides strong statistical evidence for a vaccine effect (p < 0.0001), with estimated disease rates 3.7 times higher in the unvaccinated group than in the vaccinated group (95% confidence interval: 2.1, 6.8) and a vaccine effectiveness of 73% (95% confidence interval: 52, 85). An estimated 54 epidemic strain meningococcal cases were prevented in the 2 years since the vaccination program began (95% confidence interval assuming a fixed population size: 22, 115). In a sensitivity analysis, these estimates proved to be robust to modeling assumptions, including population estimates, estimates of the numbers vaccinated, effects of partial vaccination, and temporal autocorrelation.
Beginning in 1991, New Zealand experienced an epidemic of meningococcal disease. By the end of 2003, over 5,293 cases and 216 deaths had been reported (1) . The peak of the epidemic occurred in 2001 (with 650 reported cases), and case numbers decreased in each successive year; however, there were still substantial numbers in 2003 (541 reported cases) and 2004 (342 reported cases) (2) . A majority of these cases (an estimated 72 percent in 2003) were caused by a specific group B strain defined as B4:P1.7b,4 (3, 4) (the ''epidemic strain''). A ''tailor-made'' vaccine against this strain, referred to as ''MeNZB,'' was developed by Chiron Vaccines (Siena, Italy), in collaboration with the Norwegian Institute of Public Health (5), using expertise developed in response to the epidemic in Norway in the 1970s and 1980s (6, 7) .
The MeNZB vaccine demonstrated satisfactory safety and immunogenicity profiles in phase I and II trials (1, 8, 9) . Based on these results, as well as experience with other group B meningococcal outer membrane vesicle vaccines used extensively elsewhere (10) (11) (12) (13) (14) (15) , a large randomized controlled efficacy trial of MeNZB was not undertaken in order to meet the imperative of rapid epidemic control. A nationwide Meningococcal B Immunisation Programme (the ''Programme'') of all children aged from 6 weeks to 19 years was implemented (Ministry of Health, Chiron Corporation, University of Auckland, unpublished manuscript). Delivery of the three-dose MeNZB series began in July 2004 for children aged from 6 months to 19 years in parts of Auckland and then gradually was extended to the rest of the nation and to younger age groups. In January 2006, a fourth MeNZB dose was recommended for infants who had started their vaccination series before the age of 6 months. The rollout of the vaccine was staggered by region and age group, reflecting historical disease patterns and the requirement of intensive safety monitoring, vaccine availability, and the concurrent implementation of a computerized National Immunization Register (NIR). The Programme was completed at the end of June 2006 and achieved 80 percent coverage of eligible children according to NIR.
The evaluation of the postlicensure effectiveness of the vaccine relies on observational methods (16) but takes advantage of the staggered rollout to separate vaccination effects from the progression of the epidemic over time. A generalized estimating equation (GEE) rates model was used to estimate the incidence of disease in the vaccinated and unvaccinated groups, while accounting for the covariates of region-specific disease rates, age, ethnicity, socioeconomic status, disease progression over time, and seasonality. A sensitivity analysis was done to determine the robustness of the results to various assumptions of the model and data estimates.
MATERIALS AND METHODS
Approval for this study was granted by the Ministry of Health on the advice of the Meningococcal Management Team, a team made up of representatives of the Ministry of Health, Chiron Vaccines, Auckland University, and other advisors.
Description of study data
The study population consisted of all New Zealand residents of all ages in the period January 2001-June 2006. The study population was stratified by vaccination status, demographic variables, and time. Demographic-by-time strata were defined by the following factors, which are known to affect meningococcal disease rates (refer to Martin et al. (2)). Estimates of the total size of each demographic stratum in each time period were obtained from Statistics New Zealand using the 2001 census as a base and projecting the population estimates to 2002-2006 assuming medium growth rates. Small areas with unclassified deprivation were excluded from the analysis (these regions totaled less than 0.1 percent of the total population estimate).
Estimates of the sizes of the vaccinated populations (subjects who received at least three doses of the vaccine) and partially vaccinated populations (subjects who received one or two doses) in each demographic-by-time stratum were obtained from NIR reports. Since the NIR reports gave the total number of children vaccinated by the end of each quarter (rather than the dates of vaccination for each), we assumed that these children were covered for half of the quarter (on average). Individuals who received doses either later or earlier than the recommended 6-week intervals were treated in the same way as those who received their doses on time. The unvaccinated populations were estimated as the total population minus the vaccinated and partially vaccinated populations.
The numbers of cases in each demographic-by-time stratum were obtained from routinely collected surveillance data. Surveillance of meningococcal disease in New Zealand is based on a combination of notification and laboratory data. Clinicians are required to report suspected meningococcal disease cases to Medical Officers of Health under the Health Act 1956. Data on reported cases are recorded onto the computerized database EpiSurv. Both patient specimens and meningococci or meningococcal DNA obtained from cases are referred to the Institute of Environmental Science and Research for confirmation of disease and for characterization of the strain. Laboratory information is combined with the EpiSurv data for analysis. The vaccination status of cases was established from the NIR and then verified by use of surveillance data.
A meningococcal disease case was defined as an individual who was diagnosed by a clinician as having a clinically compatible illness laboratory confirmed (either by polymerase chain reaction or by isolation) with the epidemic strain. Meningococcal disease cases with unknown deprivation or ethnicity were excluded from analysis.
Technical information and assumptions
The GEE rates model compared disease rates only in the vaccinated and unvaccinated populations, and the partially vaccinated population was excluded from the analysis. In the sensitivity analysis, however, the effect of partial vaccination was estimated.
We assumed that the NIR of vaccinations was more accurate than the Statistics New Zealand population estimates, so that if the number of children vaccinated or partially vaccinated in a particular stratum was larger than the Statistics New Zealand population estimate, then we changed the population estimate to reflect this. This assumption increased the total population estimate by less than 0.1 percent.
Since the available data from the NIR did not include deprivation information for the vaccinated populations, the number vaccinated in each deprivation category had to be estimated. This was done by assuming uniform vaccination coverage over deprivation quintiles. For each demographicby-time stratum, the proportion of the population in each deprivation quintile was applied to the numbers vaccinated in that stratum.
Statistical methods
Rates models (such as GEE and Poisson regression) are used frequently to model disease rates, and a Poisson regression model was suggested by Ameratunga et al. as the ''most appropriate and relevant method to assess the overall effectiveness of the immunisation programme'' (16, p. 2232). We considered two types of rates models: Poisson regression, which assumes independence between populations in time and space, and the GEE model, which allows for correlated observations over time. Both models were fit using the SAS statistical package (SAS Institute, Inc., Cary, North Carolina).
All Poisson regression models showed significant underdispersion (deviance to df ratio ¼ 0.42-0.45). Two methods for adjusting for underdispersion were considered: 1) adjusting standard errors with a scale statistic and 2) using a GEE approach. The first method appeared to underestimate the parameter standard errors and to be too liberal in testing the significance of model terms, so a GEE model was adopted. In this model, demographic strata were considered as independent populations that were observed longitudinally at 22 timepoints (the quarter years of the study time period). Thus, the model has temporal, but not spatial, dependencies. As discussed in the article by Liang and Zeger (18) , however, the parameter estimates in the GEE models are robust to misspecification of the covariance structure. The GEE model accommodates underdispersion, as well as misspecification in the dependency structure.
Model fitting considered all main effects and all two-way interactions. A backward stepwise procedure was used with the main effects, but a forward stepwise procedure was used with the interactions since the model with all interactions was poorly defined and did not converge. GEE models with district health boards as regional boundaries did not converge. Therefore, the four larger geographic regions were used instead. The deprivation quintile was considered as a categorical and a continuous variable, and as a continuous variable both linear and quadratic terms were investigated. Factors were retained in the model if they were significant at the a ¼ 0.05 level.
A sensitivity analysis was done to assess the robustness of the vaccination effect estimate to various data assumptions. First, the effect of Statistics New Zealand growth projections was investigated by fitting the model to three different data sets, using the high, low, and medium population estimates. Second, the effects of including the partially vaccinated cases and populations were investigated, and the protective effect of partial vaccination was estimated. Third, the effect of using different geographic boundaries was investigated by considering both district health boards and regions. Finally, the effect of a nonuniform vaccination coverage distribution across deprivation levels was considered.
RESULTS
There were a total of 1,244 meningococcal cases in the study period with the epidemic strain. Of these, 27 were partially vaccinated and excluded from the analysis, leaving 1,217 cases. There were 24 cases with unknown deprivation values and three cases with unknown ethnicity, which were also excluded, yielding a total of 1,190 cases for study.
Several different models were considered, reflecting different assumptions about the populations studied. We first present the results of the best-fitting model and then discuss the effects of our assumptions and the results of the sensitivity analysis. The best-fitting model includes all covariates as main effects and three interactions: deprivation by age, age by ethnicity, and region by deprivation (table 1). All estimated effects (vaccine and demographic effects) are from the multiple regression model and thus reflect their unique contributions to disease rates after accounting for the effects of other covariates. Finally, we discuss the results of the sensitivity analysis, in which we determine the effect of various assumptions on the vaccine effectiveness estimate.
Estimated vaccine effects
The vaccine effect was highly statistically significant (p < 0.0001), with 3.7 times higher meningococcal disease rates in the unvaccinated group than in the vaccinated group (95 percent confidence interval: 2.1, 6.8). This yields a vaccine effectiveness of 73 percent (95 percent confidence interval: 52, 85).
In total, there were 905,507 person-years vaccinated through June 2006 and 20 vaccinated cases. If this population were not vaccinated, we would expect 3.7 times higher rates or an expected 74 (rather than 20) cases. Thus, an estimated 54 epidemic strain, laboratory-confirmed meningococcal cases were prevented by the Programme (95 percent confidence interval assuming a fixed population size: 22, 115 cases). Multiplying the age-specific mortality rates by the number of prevented cases estimated in each age group yielded an estimated 1.7 fatalities that were prevented.
Age and ethnicity effects
In each ethnic group, children had significantly higher disease rates than adults (p < 0.0001). Pacific peoples had the highest rates of meningococcal disease, and this rate was especially high for young children (figure 1). The relative rates across age groups were very similar in the Maori and the Pacific people populations: The incidence of disease was 16 times higher for children aged 1-4 years, 12 times higher for children aged 0-<1 year, and 4-5 times higher for children and youth aged 5-19 years than for adults. In the European and other ethnic populations, there were smaller differences in rates among the three youngest age groups: Meningococcal rates were six times higher in children aged 1-4 years and five times higher in children aged 0-<1 year and children and youth aged 5-19 years than for adults.
Deprivation effects
Higher levels of deprivation led to significantly higher meningococcal rates overall (p < 0.001), although the effects of deprivation differed in the different age categories as well as in the different geographic regions. The effects of deprivation were significantly worse for babies: for children aged 0-<1 year, meningococcal rates increased 1.8 times for each quintile of deprivation (a significantly higher increase per quintile than for adults; p < 0.01); for children aged 1-4 years and from 5 years to adult, meningococcal rates increased 1.4 times for each quintile of deprivation (these two age groups were not significantly different). The effects of deprivation were the greatest in the Southern region, where meningococcal rates increased 1.4 times for each quintile of deprivation, compared with 1.2 times in the Northern region, 1.0 times in the Midland region, and 1.1 times in the Central region.
Seasonal effects
Meningococcal rates were highest in the July-September season and lowest in the January-March season (figure 2).
Time effects
Overall, meningococcal rates decreased over time (figure 3) . Importantly, rates were decreasing before the Programme began. The average decrease in disease rates from 2001 to 2006 was 18 percent per year.
Sensitivity analysis
Using Statistics New Zealand low-or high-growth population estimates yielded a model with the same factors and similar parameter estimates as the medium-growth estimates. For the low-growth population estimates, the estimated vaccine effect was a risk ratio of 3.8 and a vaccine effectiveness of 74 percent. For the high-growth population estimates, the estimated vaccine effect was a risk ratio of 3.4 and a vaccine effectiveness of 71 percent.
Including the partially vaccinated cases and populations in the model had little effect on the estimated vaccine effect: The estimated risk ratio for full vaccination was 3.6, and the vaccine effectiveness was 72 percent. The model indicates a significant protective effect of partial vaccination (p ¼ 0.02), although the effect is much lower than for full vaccination. Unvaccinated subjects were 1.6 times as likely (95 percent confidence interval: 1.1, 2.4) to contract the disease as subjects who received one or two doses of the vaccine.
A Poisson regression model with geographic regions defined by the 21 district health boards instead of the four larger regions resulted in an estimated vaccine risk ratio of 3.8 and a vaccine effectiveness of 74 percent.
Although information on vaccination coverage over deprivation quintiles was not available for each demographicby-time stratum, it was available for the overall population. The proportions of the population that were fully vaccinated by June 2006 were 85 percent, 80 percent, 76 percent, 78 percent, and 82 percent for the five deprivation quintiles, respectively. For the sensitivity analysis, two nonuniform vaccination coverage distributions were considered: 1) a decreasing distribution (coverage probabilities of 88 percent, 84 percent, 80 percent, 76 percent, 72 percent) and 2) a U-shaped distribution (coverage probabilities set to equal the observed proportions above). The estimated vaccine effect for the decreasing distribution was 3.6 with a vaccine effectiveness of 72 percent, and the estimated vaccine effect for the U-shaped distribution was 3.8 with a vaccine effectiveness of 74 percent.
DISCUSSION
In this study, we investigated the effectiveness of a new group B strain-specific meningococcal vaccine (MeNZB) in a prospective observational study following a nationwide vaccination program in New Zealand. The urgent need to control the epidemic rendered a randomized controlled efficacy trial unethical, putting individuals in the control arm of the study at risk unnecessarily (Ministry of Health, Chiron Corporation, University of Auckland, unpublished manuscript). Although randomized controlled trials are generally considered to be the ''gold standard'' for evaluation, in situations such as this, they may be unethical, impossible, or unnecessary to assess the efficacy of certain vaccines (19, 20) . Furthermore, observational studies can have the advantages of demonstrating effectiveness in broader populations and more realistic settings and providing information on adverse events and risks (20) (21) (22) . Recently, Benson and Hartz (23) found similar estimates of treatment effects in a comparison of observational studies and randomized controlled trials, contrary to early studies, and attribute this to an improvement in the design and analysis of observational data. A well-designed observational study considers and adjusts for potential confounding variables through statistical methods such as regression (24) .
The multiple regression model allowed for the adjustment of potential confounders such as age, ethnicity, season, region, socioeconomic status, and the natural progression of the disease over time-an important factor since the epidemic was waning prior to the start of the Programme. Interactions between geographic region and time were not significant in the rates model, indicating that differing patterns of disease progression in different regions were unlikely to confound the results. The effects of demographic variables, such as ethnicity, age, and deprivation, were similar to those reported elsewhere (2) . Ethnicity may be a proxy for overcrowding, which is a known risk factor for meningococcal disease (25) .
We found no statistically significant interactions between any demographic variable and the vaccine effect, even though a comparison of crude disease rates indicated a potentially lower vaccine effect for babies than for other age categories (in 2005, the risk ratio for children aged 0-<1 year was 0.9, for children aged 1-4 years was 11.3, and for children and youth aged 5-19 years was 2.9). With the limited data on this age group, we were unable to determine if this was a spurious effect or a real effect that our data set had insufficient power to detect. In January 2006, however, on the basis of immunogenicity data from clinical trials, a fourth dose of vaccine was licensed for infants who received their first dose before 6 months of age. A fourth dose of MeNZB administered at 10 months of age was found to induce immune responses similar to those seen in older age groups after three doses (26) .
This study demonstrated that the MeNZB vaccine significantly decreased the likelihood of contracting the epidemic strain of meningococcal disease. Vaccinated individuals decreased their risk by almost fourfold (95 percent confidence interval: 2.1, 6.8), and the vaccine had an effectiveness of 73 percent (95 percent confidence interval: 52, 85). This percentage is likely to be an underestimate of the true effectiveness of the vaccine, given that several conservative assumptions were made in the analysis.
Meningococcal cases with unknown deprivation (24 cases) or ethnicity (three cases) were excluded from analysis. All 27 excluded cases contracted the disease prior to 2004 and were thus unvaccinated, so their exclusion underestimated (slightly) the meningococcal disease rates in the unvaccinated population and yielded a conservative estimate of the vaccine effect. (The data quality of the demographic information on cases improved over time.)
In a sensitivity analysis, the estimates proved to be robust to data and modeling assumptions. Estimates of the risk ratio ranged between 3.4 and 3.8, and estimates of the vaccine effectiveness ranged between 71 and 74 percent. We found a significant protective effect of partial vaccination (p < 0.005). Interpreting the risk ratio or vaccine effectiveness for partial vaccination is problematic, however, because it is based on individuals who received one or two doses of the vaccine and it doesn't separate out the effects of one dose and two doses.
An estimated 54 epidemic strain, laboratory-confirmed meningococcal cases were prevented in the 2 years since the Programme began (95 percent confidence interval assuming a fixed population size: 22, 115), and an estimated 1.7 deaths were prevented. These values are also likely to underestimate the true number of meningococcal cases prevented, since we would expect that a similar proportion of unconfirmed (or ''probable'') cases would also be prevented.
A remaining question of interest regards the long-term effectiveness of the vaccine. In the United Kingdom, the meningococcal serogroup C vaccination program demonstrated lower effectiveness after 1 year for children vaccinated at 2-4 months of age, although the effectiveness remained high 4 years after vaccination for children vaccinated from 5 months to 18 years of age (27) . In Norway, a randomized controlled trial of two doses of a vaccine referred to as ''MenBvac'' developed by the Norwegian Institute of Public Health in teenagers showed a drop in efficacy from 87 percent after 10 months to 57 percent after 29 months (10) . Further observation is needed to determine whether the three-dose New Zealand vaccine, MeNZB, will provide longer lasting protection. At the conclusion of the Programme at the end of June 2006, there were still significant unvaccinated populations, since no adults were vaccinated and approximately 20 percent of children remained unvaccinated or partially vaccinated. Thus, the long-term effects of the vaccine can continue to be studied.
